Conclusions: Circumferential PV antral scarring predicts ablation success in mild LA fibrosis, while posterior wall and septal scarring is needed for moderate fibrosis. This may help select the proper candidate and strategy in catheter ablation
Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia encountered in adult cardiology. 1, 2 Several studies have demonstrated that AF is associated with electrical, contractile, and structural remodeling (SRM) in the left atrium (LA) that contributes to the persistence and sustainability of the arrhythmia. [3] [4] [5] [6] [7] It has also been shown that the end result of this remodeling process is loss of atrial myocytes and increased collagen content and hence fibrosis of the LA wall. 5 Delayed enhancement MRI (DE-MRI) using gadolinium contrast has been demonstrated to localize and quantify the degree of SRM or fibrosis associated with AF in the LA.
DE-MRI has also been shown to be useful in localizing and quantifying scar formation in the LA following radiofrequency ablation (RFA). 9, 10 The pulmonary vein (PV) antral region can be visualized to assess circumferential PV scarring that results from RFA lesions/ablation. In addition, the amount of scarring to the LA after catheter ablation can be quantified as a proportion of the total left atrial volume.
Rhythm control of AF using catheter ablation has yielded varying results in different patient populations. 11 Identifying the ideal candidate for catheter ablation remains a significant challenge. In addition, a number of different approaches to catheter ablation have been reported and most experts agree that 1 ablation strategy does not fit all AF patients. [11] [12] [13] [14] [15] Therefore, selecting the proper strategy for a particular patient is also an important determinant of procedure success.
We used DE-MRI to quantify both the degree of SRM/fibrosis pre-ablation and scar formation post ablation. Our aim was to identify predictors of successful ablation in a group of patients stratified according to pre-ablation fibrosis. This would help select the most appropriate ablation strategy for the individual AF ablation candidate.
Methods
This is a prospective observational study where 144 patients with AF presenting to the University of Utah for catheter ablation between November 2006 and November 2008 were included. Patient information gathered for the purposes of the study was de-identified and protected in compliance with HIPAA regulations. All patients underwent DE-MRI evaluation both pre-ablation to assess the extent of atrial tissue fibrosis and at 3 months following the procedure to quantify the degree of ablation related atrial tissue scarring.
MRI Image Acquisition
All studies were obtained on a 1.5 Tesla Avanto clinical scanner (Siemens Medical Solutions, Erlangen, Germany) using a TIM phased-array receiver coil. The scan was acquired 15 minutes following contrast agent injection (0.1 mmol/kg, Multihance [Bracco Diagnostic Inc., Princeton, NJ]) using a 3D inversion recovery, respiration navigated, ECG-gated, gradient echo pulse sequence. Typical acquisition parameters were: free-breathing using navigator gating, a transverse imaging volume with voxel size = 1.25 × 1.25 × 2.5 mm (reconstructed to 0.625 × 0.625 × 1.25 mm), TR/TE = 5.4/2.3 ms, flip angle = 20
• , inversion time (TI) = 270-310 ms, and GRAPPA with R = 2 and 46 reference lines. ECG gating was used to acquire a small subset of phase encoding views during the diastolic phase of the LA cardiac cycle. The time interval between the R-peak of the ECG and the start of data acquisition was defined using the cine images of the LA. Fat saturation was used to suppress fat signal. The TE of the scan (2.3 ms) was chosen such that fat and water are out of phase and the signal intensity of partial volume fat-tissue voxels was reduced allowing improved delineation of the LA wall boundary. The TI value for the DE-MRI scan was identified using a scout scan. Typical scan time for the DE-MRI study was 5-10 minutes depending on subject respiratory and heart rate.
DE-MRI Quantification of Pre-Ablation Fibrosis/Structural Remodeling and Postablation Scarring
In all images, the epicardial and endocardial LA borders were manually contoured with image display and analysis software in Seg3D (segmentation and processing tool developed by the NIH Center for Integrative Biomedical Computing at the University of Utah Scientific Computing and Imaging [SCI] Institute). The relative extent of pre-ablation enhancement and postablation scar were quantified within the LA wall with a threshold-based algorithm utilizing pixel intensities from normal based on a bimodal distribution with analysis software written in MATLAB (The Mathworks Inc, Natick, MA, USA). Qualitative confirmation of the percent enhancement was performed for all scans using 3D visualization of the MRI performed using a custom made imageprocessing software. Initial visualization used a maximum intensity projection to assess contrast consistency, followed by volume rendering with a ray-cast engine with linear table opacity for pre-ablation images and smooth table opacity for postablation images. A color lookup table mask was applied to better differentiate enhanced and nonenhanced tissue.
Ablation Procedure
The details of the PV isolation in addition to posterior wall and septal debulking has been described elsewhere. 16 In brief, the LA was accessed through 2 transseptal punctures under intracardiac echo guidance using a phased array catheter (Acunav, Siemens Medical Solutions USA, Inc, Mountain View, CA, USA). A 10-pole circular mapping catheter (Lasso, Biosense Webster, Diamond Bar, CA, USA) and a 3.5 mm Thermocool ablation catheter (Biosense Webster) were advanced into the LA for mapping and ablation. A 14-pole catheter (TZ Medical, Portland, OR, USA) was used to record right atrial and coronary sinus electrograms and was used as the reference catheter for 3D electroanatomical mapping with CARTO (Biosense Webster). Radiofrequency energy was delivered with 50 Watts at a catheter tip temperature of 50
• C for no longer than 10 seconds seconds, guided by electrograms abolition recorded on the Lasso catheter. Ablation lesions were placed in a circular fashion in the PV antral region until electrical isolation of the PVs was achieved. Additional lesions were placed along the left atrial posterior wall and septum.
Assessment of postablation scarring
The overall scarring was quantified 3 months following the ablation procedure as described above. The scar burden was reported as a proportion of the left atrial wall volume. In addition, the PV antral regions were analyzed to determine the presence of contiguous lesions encircling the PV ostia. The PV antral regions were included in the overall scar quantification. A particular vein was considered encircled if 100% of its antral area was circumferentially scarred (Fig. 3) .
Pre-ablation fibrosis vs postablation scarring
Compared to pre-ablation DE-MRI, imaging of the LA 3 months post ablation reveals an enhancement pattern characterized by a brighter signal and distribution of pixel intensity shifted towards higher intensity ( Figs. 1 and 3 ). The high intensity signals due to ablation-related scarring effectively mask the fibrosis pattern noted on the pre-ablation scans. To quantify scarring, we therefore utilized a different algorithm with higher thresholds to distinguish scarred from unscarred tissue. Pre-ablation fibrosis signals fall below the threshold used for postablation scarring. Therefore, it is very unlikely that the quantification of scarring includes in part pre-ablation fibrosis.
Follow-Up and Definition of Recurrence
A postablation blanking period was observed for 3 months during which all patients received an 8-week automatic trigger cardiac event monitor for assessment of early AF recurrence. Early recurrences were treated with direct current cardioversion, antiarrhythmic drugs (AADs) or both. AADs were discontinued at the end of the blanking period. All patients were seen in follow-up at 3 months following ablation and at 3-month intervals thereafter. Each patient received a 12 lead ECG and an 8-day Holter monitor for detection of arrhythmia recurrence post blanking. Additional ECG recordings were obtained as suggested by the patients' reported symptoms through weekly telephone calls. Recurrence was defined as any atrial arrhythmia sustained for longer than 30 seconds without AAD treatment following the 3-month blanking period, as suggested by the HRS consensus statement. 11 All ablation procedures were performed on therapeutic anticoagulation with warfarin. Warfarin was continued post procedure as well to maintain an international therapeutic ratio of 2.0-3.0. 
Data Analysis
Statistical analysis was performed using STATA 11 (StataCorp, College Station, TX, USA). Continuous variables are reported as means and standard deviations and categorical variables are reported as percentages of the cohort. Student's t-test was used to compare continuous variables and Chi-square test to compare proportions. A Cox proportional hazard multivariate regression model was used to determine significant predictors of AF recurrence following ablation. To avoid overfitting, nonsignificant predictor variables were removed from the regression model in a stepwise fashion. Two-sided P-values <0.05 were considered significant.
Results

Pre-Ablation Fibrosis/Structural Remodeling Based Staging
DE-MRI scans were of adequate quality to obtain quantification of pre-ablation SRM in 120 of the 144 total patient cohort (85%). Motion artifact often due to AF at the time of MRI acquisition was the main contributing factor for poor scans quality. Of the 120 patients successfully quantified, the average pre-ablation fibrosis was 18.06 ± 13.49% of the LA wall volume. These patients were then divided into 4 categories as follows: Utah stage 1 or minimal fibrosis (at least 1 standard deviation below the cohort mean, i.e., <5% enhancement), Utah stage 2 or mild fibrosis (5-20% enhancement), Utah stage 3 or moderate fibrosis (20-35% enhancement) and Utah stage 4 or extensive fibrosis (greater than 35% enhancement). Figure 1 shows examples of patients in each of these stages. Of the patients with successful quantification, 10 (7%) were in Utah stage 1, 71 (49%) in Utah stage 2, 23 (16%) in Utah stage 3 and 16 (11%) in Utah stage 4. Age at the time of initial MRI acquisition, prevalence of hypertension, coronary artery disease, congestive heart failure, diabetes and left ventricular ejection fraction were comparable across the 4 groups. The patients' characteristics are detailed in Table 1 . 
AF Phenotype and Degree of Fibrosis
Paroxysmal AF was more prevalent in Utah stage 1 and persistent AF was more prevalent in Utah stage 4; however, all groups were a heterogeneous mix of both AF clinical phenotypes as illustrated in Figure 2 .
Postablation Scarring Analysis
All patient were in sinus rhythm at the time of MRI acquisition at 3 months following RFA. Therefore, quantification of LA scarring was successful in all 144 patients. The scar was analyzed to quantify the overall scarring due to the ablation and to determine whether the scarring encircled the entire PV antral circumference.
Overall Left Atrial Scarring
All patients received a similar ablation lesion set that covered the PV antral regions as well as the posterior and septal left atrial walls. The overall scarring at 3 months following ablation averaged 14.94 ± 9.58% of the left atrial wall volume. The average scar burden was found to be similar across the pre-ablation Utah stages ( Table 2 ). Notice that the quantification obtained for the average scar quantified relative to the left atrial wall volume is different than the average pre-ablation fibrosis. This is due to the fact that ablation induced injury and scarring yields a much stronger signal on DE-MRI compared to pre-ablation fibrosis. Therefore, a different quantification algorithm and threshold was used for postablation quantification than the one used for pre-ablation fibrosis. 
Pulmonary Vein Antral Scarring
The distribution of scar around the PV antral region was analyzed in the entire patient cohort to determine the success of encirclement of the PV antra by ablation lesions. We found that the majority of patients had zero (53 of 144 or 36.8%) or 1 vein antrum (47 of 144 or 32.6%) circumferentially encircled by scar. In only a minority of patients, all 4 veins were encircled by scar (10 of 144 pts or 7%) (Fig. 4) . PV encirclement by ablation scar was correlated with the overall left atrial scarring (r 2 = 0.36, P < 0.01).
Recurrence Predictors
Of 120 patients staged based on pre-ablation fibrosis, 37 (31%) experienced recurrent atrial arrhythmia over an average follow-up period of 283 ± 167 days. We analyzed the recurrence predictors in each of the 4 SRM groups. The follow-up period was comparable across the pre-ablation staging groups.
Using a Cox multivariate regression model, the patient's age, AF type, left atrial volume, number of PVs encircled by scarring, and overall left atrial scarring at 3 months were included as predictor variables for arrhythmia recurrence. Since ablation scar and PV encirclement were statistically correlated, an interaction term (scar × PV encirclement) was included in the model and it showed that the observed correlations of PV encirclement and overall scarring were independent. Recurrence was analyzed across the 4 groups as shown in the Kaplan-Meier curve in Figure 5 .
No recurrences were observed in the Utah stage 1 group over the follow-up period.
In the Utah stage 2 group, 20 of 71 patients experienced recurrence (28.1%). The number of PVs encircled by scar was found to be the strongest predictor of arrhythmia recurrence with a hazard ratio of 0.43 (95% confidence interval 0.20-0.92; P = 0.03). Left atrial volume pre-ablation was a minor predictor with a hazard ratio of 1.01 (95% confidence interval 1.00-1.02; P = 0.01).
In the Utah stage 3 group, 8 of 23 patients experienced recurrence (34.7%). The overall left atrial scar at 3 months postablation was found to be the strongest predictor of recurrence with a hazard ratio of 0.63 (95% confidence interval 0.42-0.94; P = 0.03). The patient's age was also found to be an important predictor of recurrence in this group with a hazard ratio of 0.80 (95% confidence interval 0.65-0.98; P = 0.03).
In the Utah stage 4 group, 9 of 16 patients had recurrence atrial arrhythmia (56.3%). None of the parameters included in the regression model successfully predicted recurrence in this group. The results of the multivariate Cox regression are summarized in Table 3 .
Discussion
Pre-ablation staging identified 2 subgroups of AF patients with either an excellent (minimal fibrosis) or a poor (extensive fibrosis) prognosis following ablation. In addition, postablation assessment of the PV antral region scarring demonstrated that catheter ablation targeting acute electrical isolation does not correlate with PV antral circumferential scarring at 3 months, as seen using DE-MRI. We also demonstrate circumferential PV scarring to be an important predictor of arrhythmia recurrence in the subgroup of patients with mild fibrosis (Utah stage 2), as opposed to the moderate fibrosis group (Utah stage 3), where overall LA scarring, specifically LA posterior wall and septum, is shown to be the most important determinant of procedural failure.
Most approaches to ablation for AF aim at isolation of PV triggers. 11, 12 This is accomplished by encircling the PV antral region with ablation lesions and achieving electrical isolation, which is an accepted acute endpoint.
12,17 Some operators advocate for additional ablation aimed at "substrate modification" for patients with longstanding or persistent arrhythmia. 11, [13] [14] [15] This study examines the anatomical correlate of electrical isolation by examining scarring in the PV antral region as well as the overall scarring in the LA. We show that even though electrical isolation is achieved acutely, this does not translate to persistent circumferential scarring around the PVs at 3 months. This indicates that either (1) electrical isolation does not require complete encirclement of the PVs or (2) that initial ablation is ineffective at creating irreversible scarring, i.e., there is recovery from the initial injury. The first scenario is less likely as operators currently ablate away from the true ostia of the PVs to avoid PV stenosis. Lesions therefore target continuous left atrial tissue rather than muscle sleeves inside the PVs. The second scenario is more likely especially when it is suspected that electrical reconnection of the PVs to the main left atrial musculature has occurred in the majority of recurrent cases. [18] [19] [20] [21] Our study also shows that PV encirclement with scar correlates with the overall scarring in the LA 3 months postablation. Patients with fewer veins encircled with scarring have a lower overall left atrial scar burden at 3 months. This is seen despite the fact that all patients were ablated using the same approach and achieved the same endpoints at the end of the procedure. This indicates that the mechanism leading to ineffective lesion formation or tissue recovery following ablation is the same in the antral region and throughout the LA.
PV antrum encirclement with ablation scar and overall ablation scar in the LA predicted recurrence independently in patients with mild and moderate fibrosis/SRM subgroups, respectively. This is in line with other publications suggesting that isolation of PV triggers may be acceptable in paroxysmal 13 and dominant frequency, 23 as well as disrupting ganglionated plexi connections to the atrium. 24 The common denominator to all these approaches helping improve outcomes following ablation is that, especially in patients with more advanced clinical AF, there is more left atrial tissue involved in creating the AF substrate than the triggers in the PVs and that going outside the PV antral region to modify this substrate leads to improved ablation outcomes. Our study offers an insight onto this AF substrate by quantifying the extent of LA remodeling and fibrosis associated with it, which we demonstrate to require more extensive ablation in order to overcome and achieve better long-term success.
Clinical Implication
The results of this study have an important impact on clinical decision making both for the AF patient and the physician managing the arrhythmia. For the patient, expectations for the outcomes of the ablation procedure can be satisfactorily estimated and the patient can then weigh the risks of undergoing the ablation procedure against the benefits of maintaining sinus rhythm. For the ablationist, quantification of fibrosis/SRM can be used to counsel the patients better about the expected outcomes of catheter ablation. Moreover, the operator can plan the procedure better with the knowledge that patients with advanced fibrosis/SRM will have a better outcome with a more extensive ablation rather than a PV isolation.
Limitations
This is an observational study that included a selected population of patients with AF presenting for catheter ablation. Prospective randomized studies are needed to validate that patients with early stages of atrial remodeling derive a good outcome from PV isolation, whereas patients with advanced stages require additional atrial substrate modification.
The distribution of fibrosis in this ablation cohort was centered in the mild and moderate categories with a small number of patients in the minimal and extensive SRM groups. The inclusion of a larger and more representative group of patients, including AF patients treated with AADs and permanent AF patients treated with a rate control strategy would also provide a more comprehensive picture of the distribution of SRM at the various stages of the disease process. A more balanced sample size across the different stages would potentially allow for a better comparison between these groups. This distribution, however, may be representative of AF patients seeking ablation, where LA fibrosis has progressed passed the initial stages.
While this study sheds an important light on the scarring that follows AF ablation, it is limited by the fact that DE-MRI scans obtained post catheter ablation demonstrate a different degree and distribution of enhancement. This makes it technically very challenging to distinguish ablation related scarring from pre-existing fibrosis.
Transmural lesion formation at the time of ablation is a function of tissue temperature, contact force and tissue thickness. While acute edema may result in electrical isolation, long term scarring may not have been achieved. A realtime assessment of lesion formation remains the ultimate goal to ensure adequate lesion delivery and better long-term outcome.
